Mechanisms of titania nanoparticle mediated growth of turbostratic carbon nanotubes and nanofibers by Kudo, A. et al.
Supplementary	Material		Mechanisms	of	Titania	Nanoparticle	Mediated	Growth	of	Turbostratic	Carbon	Nanotubes	and	Nanofibers			Akira	Kudo†,	Stephen	A.	Steiner	III‡,	Bernhard	C.	Bayer§,	Piran	R.	Kidambi§,		Stephan	Hofmann§,	Michael	S.	Strano⊥,	and	Brian	L.	Wardle*,‡		E-mail:	wardle@mit.edu																													*To	whom	correspondence	should	be	addressed	†Department	of	Materials	Science	and	Engineering,	Massachusetts	Institute	of	Technology,	77	Massachusetts	Ave,	Cambridge,	MA	02139,	USA	‡Department	of	Aeronautics	and	Astronautics,	Massachusetts	Institute	of	Technology,	77	Massachusetts	Ave,	Cambridge,	MA	02139,	USA	§Department	of	Engineering,	Electrical	Engineering	Division,	University	of	Cambridge,9,	JJ	Thomson	Avenue,	Cambridge,	CB3	0FA	United	Kingdom	
⊥Department	of	Chemical	Engineering,	Massachusetts	Institute	of	Technology,	77	Massachusetts	Ave,	Cambridge,	MA	02139,	USA	
1. Control	samples			 Both	 silica	 and	 alumina	 substrates	 used	 in	 this	 work	 did	 neither	 show	 any	growth	 nor	 changes	 in	 morphology	 after	 CVD	 at	 850˚C	 for	 30	 min,	 as	 shown	 in	Figure	S1.	 	
		Figure	S1:	Control	samples.	(a)	A	silica	substrate	control	processed	with	recipe	A-2.	(b)	An	alumina	substrate	control	processed	with	recipe	A-3.			2. Lattice	distances	and	corresponding	Miller	indices		 Table	S1	was	used	to	assign	a	possible	phase	to	the	nanoparticle	catalysts.	Only	those	with	lattice	distances	1.7Å	<		d	<	4.0Å	were	included,	which	was	sufficient	for	our	 interest.	 The	 calculations	 were	 based	 on	 the	 parameters	 available	 in	 each	corresponding	reference.		 	
Table	S1:	List	of	Miller	indices	and	the	corresponding	lattice	distances	of	species		α-Fe1	h	 k	 l	 d	(Å)	0	 0	 1	 2.864	0	 1	 0	 2.864	1	 0	 0	 2.864	1	 0	 1	 2.025	0	 1	 1	 2.025	1	 1	 0	 2.025					
2µm
(b) A-3 (Acetylene)
20µm
(a) A-2 (Acetylene)
γ-Fe2	The	lattice	parameter	for	γ-Fe	was	not	directly	available	around	room	temperature,	so	the	value	was	acquired	by	extrapolation	from	data	in	the	reference.	h	 k	 l	 d	(Å)	0	 0	 1	 2.790	0	 1	 0	 2.790	1	 0	 0	 2.790	1	 0	 1	 1.973	0	 1	 1	 1.973	1	 1	 0	 1.973			Cr3	h	 k	 l	 d	(Å)	0	 0	 1	 2.885	0	 1	 0	 2.885	1	 0	 0	 2.885	1	 0	 1	 2.040	0	 1	 1	 2.040	1	 1	 0	 2.040				Iron	carbide4	h	 k	 l	 d	(Å)	0	 1	 1	 3.760	1	 0	 1	 3.384	0	 2	 0	 3.370	1	 1	 1	 3.024	1	 2	 0	 2.810	0	 2	 1	 2.704	2	 0	 0	 2.545	1	 2	 1	 2.388	2	 1	 0	 2.381	0	 0	 2	 2.265	0	 3	 0	 2.247	2	 0	 1	 2.219	0	 1	 2	 2.147	2	 1	 1	 2.108	1	 0	 2	 2.069	1	 3	 0	 2.055	
2	 2	 0	 2.031	0	 3	 1	 2.013	1	 1	 2	 1.978	0	 2	 2	 1.880	1	 3	 1	 1.872	2	 2	 1	 1.853	1	 2	 2	 1.763			α-Ti5	h	 k	 l	 d	(Å)	0	 1	 0	 2.561	1	 0	 0	 2.561	0	 0	 2	 2.343	0	 1	 1	 2.247	1	 0	 1	 2.247	0	 1	 2	 1.728	1	 0	 2	 1.728			β-Ti5	h	 k	 l	 d	(Å)	0	 0	 1	 3.330	0	 1	 0	 3.330	1	 0	 0	 3.330	1	 0	 1	 2.355	0	 1	 1	 2.355	1	 1	 0	 2.355	1	 1	 1	 1.922		 	Anatase	Titania6	h	 k	 l	 d	(Å)	1	 0	 0	 3.733	0	 1	 0	 3.733	0	 1	 1	 3.468	1	 0	 1	 3.468	0	 0	 3	 3.123	0	 1	 2	 2.919	1	 0	 2	 2.919	1	 1	 0	 2.640	
1	 1	 1	 2.541	1	 0	 3	 2.395	0	 1	 3	 2.395	0	 0	 4	 2.343	1	 1	 2	 2.300	1	 1	 3	 2.016	1	 0	 4	 1.984	0	 1	 4	 1.984	0	 0	 5	 1.874	2	 0	 0	 1.867	0	 2	 0	 1.867	0	 2	 1	 1.830	2	 0	 1	 1.830	1	 1	 4	 1.752	2	 0	 2	 1.734	0	 2	 2	 1.734			Rutile	Titania6	h	 k	 l	 d	(Å)	1	 1	 0	 3.241	0	 0	 1	 2.953	0	 1	 1	 2.482	1	 0	 1	 2.482	2	 0	 0	 2.292	0	 2	 0	 2.292	1	 1	 1	 2.183	2	 1	 0	 2.050	1	 2	 0	 2.050	0	 2	 1	 1.811	2	 0	 1	 1.811			Brookite	Titania6	h	 k	 l	 d	(Å)	1	 0	 1	 3.733	1	 2	 0	 3.504	1	 1	 1	 3.457	0	 2	 1	 3.419	0	 3	 0	 3.055	1	 2	 1	 2.894	
2	 0	 0	 2.718	1	 3	 0	 2.663	0	 3	 1	 2.626	2	 1	 0	 2.606	0	 0	 2	 2.568	0	 1	 2	 2.472	2	 0	 1	 2.402	1	 3	 1	 2.364	2	 2	 0	 2.338	2	 1	 1	 2.324	1	 0	 2	 2.321	0	 4	 0	 2.292	1	 1	 2	 2.250	0	 2	 2	 2.240	2	 2	 1	 2.128	1	 4	 0	 2.111	0	 4	 1	 2.092	1	 2	 2	 2.071	2	 3	 0	 2.031	0	 3	 2	 1.966	1	 4	 1	 1.953	2	 3	 1	 1.888	2	 0	 2	 1.866	1	 3	 2	 1.848	0	 5	 0	 1.833	2	 1	 2	 1.829	3	 0	 0	 1.812	3	 1	 0	 1.777	2	 4	 0	 1.752	1	 5	 0	 1.737	2	 2	 2	 1.729	0	 5	 1	 1.726	0	 0	 3	 1.712	0	 4	 2	 1.710	3	 0	 1	 1.709			 Titanium	Carbide	(TiCx,	0.2≤x≤1)7	For	the	given	range	of	x,	d	for	every	combination	of	indices	was	linearly	interpolated	between	the	values	listed	below.	h	 k	 l	 d	(Å)	1	 0	 0	 4.285-4.325	
0	 1	 0	 4.285-4.325	0	 0	 1	 4.285-4.325	1	 1	 0	 3.030-3.058	0	 1	 1	 3.030-3.058	1	 0	 1	 3.030-3.058	1	 1	 1	 2.474-2.497	2	 0	 0	 2.143-2.163	0	 2	 0	 2.143-2.163	0	 0	 2	 2.143-2.163	2	 1	 0	 1.916-1.934	1	 2	 0	 1.916-1.934	0	 2	 1	 1.916-1.934	2	 0	 1	 1.916-1.934	0	 1	 2	 1.916-1.934	1	 0	 2	 1.916-1.934	2	 1	 1	 1.749-1.766	1	 2	 1	 1.749-1.766	1	 1	 2	 1.749-1.766		 Table	S2	compares	the	nanoparticle	in	Figure	2e	from	recipe	A-3	growth	with	potential	 phases	 that	 can	 be	 assigned,	 in	 terms	 of	 lattice	 distances	 and	 the	 angle	between	 the	 corresponding	 directions.	 Values	 are	 measured	 for	 Figure	 2e	 and	calculated	 for	 potential	 phases	 based	on	Table	 S1.	 ±4%	error	 for	 lattice	 distances	and	±5˚	error	for	the	angle	between	the	corresponding	directions	are	considered.		
Table	S2:	Potential	phases	that	can	be	assigned	to	the	nanoparticle		in	Figure	2e	from	recipe	A-3	growth	phases	 Miller	indices	1	 lattice	distance	1(Å)	 Miller	indices	2	 lattice	distance	2	(Å)	 angle	between	the	corresponding	directions	(˚)	Figure	2e	 -	 2.47	 -	 2.05	 56.5	Rutile	titania	 (101)	 2.48	 (210)	 2.05	 61.0	Brookite	titania	 (012)	 2.47	 (221)	 2.13	 58.4		3. Estimation	of	mean	carbon	assembly	rates	per	catalyst	nanoparticle		 The	 number	 of	 carbon	 atoms	 in	 the	 nanostructures	was	 estimated	 as	 follows.	The	 volume	 occupied	 by	 a	 carbon	 atom	 in	 a	 graphitic	 structure	 is	 v0	 =	 a0×d002	 =	2.72×3.34	Å3,	where	a0	is	the	area	occupied	by	a	carbon	atom	in	graphene,	and	d002	is	the	interlayer	distance	of	graphite.	For	CNFs,	the	effective	volume	V	of	the	entire	structure	 was	 divided	 by	 this	 value.	 We	 modeled	 a	 CNF	 as	 a	 Bernal	 stacking	graphitic	pillar	so	that	the	number	of	carbon	atoms	in	a	CNF,	NCNF,	is	given	as		
𝑁"#$ = 	 𝑉𝑣) = π𝑟,𝑙𝑣) 		Here	 r	 is	 the	 diameter	 and	 l	 is	 the	 length	 of	 the	 CNF,	 both	 in	 Å.	 For	 CNTs,	 we	estimate	the	number	of	atoms	wall	by	wall,	as	the	graphitic	structure	is	distorted	to	form	tubes.	Given	the	area	of	the		ith	wall	as	Ai,	the	number	of	carbon	atoms	in	a	CNT,	
NCNT,	is		 𝑁"#. = 	 𝐴0𝑎)2034 = 	 2π𝑙{𝑟 − d)), 𝑖 − 1 }𝑎)2034 			where	M	 is	 the	 number	 of	 walls,	 and	 the	 other	 values	 are	 the	 same	 as	 used	 to	acquire	 NCNF.	 Table	 S3	 summarizes	 the	 results	 of	 these	 estimations.	 The	 mean	assembly	rate,	the	number	of	ethylene	molecules	converted	into	carbon	nanofibrils	by	 a	 catalyst	 per	 second,	 is	 obtained	by	dividing	 the	 calculated	number	of	 carbon	atoms	by	 the	 reaction	 time	 (1800	sec)	and	 then	halving	 it,	 considering	 that	 single	ethylene	molecule	 contains	 two	 carbon	 atoms.	 Scaled	 by	 the	mean	 assembly	 rate,	catalytic	 activities	 of	 titania	 and	 Fe	 catalysts	 differ	 by	 an	 order	 of	 magnitude	(	,4))4<) ~12).			
Table	S3:	Mean	carbon	assembly	rates	for	observed	carbon	nanofibers/tubes	(CNFs/CNTs)	grown	with	recipe	A-3	and	the	conditions	used.1		catalyst	 nanofibril	type	 outer	diameter	(nm)	 length	(nm)	 approximate	number	of	carbon	atoms	 mean	assembly	rate	(1/sec)	Titania	 CNF	 12±1.54	 100~	1000	 640000	-	6400000	 180	-	1800	Fe	 3-wall	MWNT	 6.7±1.00	 5000	 5800000	 1600	Fe	 4-wall	MWNT	 6.7±1.00	 5000	 7500000	 2100	The	outer	diameter	with	the	standard	deviation,	the	length,	and	the	number	of	walls	as	listed	in	the	Table	S1	are	acquired	by	sampling.	For	titania	nanoparticle	catalysts,	SEM	and	TEM	micrographs	are	used	to	estimate	the	approximate	range	of	length.	Diameters	are	sampled	from	10	CNTs/CNFs	and	averaged.	Figure	S2	below	shows	examples	of	SEM	and	TEM	micrographs	that	are	used	for	Fe	baseline	growth.	The	 length	was	estimated	 from	the	SEM	micrographs.	The	average	outer	diameter	was	acquired	 from	sampling	10	CNTs	 in	TEM	micrographs.	Typically,	3	or	4	walls	were	observed.				
																																																								1	Reaction	at	850˚C	for	30	min,	using	Ar:C2H2:H2	=	200:10:500	in	sccm	and	alumina	substrate		
		Figure	S2:	Examples	of	(a)	SEM	and	(b)	TEM	micrographs	of	CNTs	from	Fe	baseline	growth	used	to	acquire	the	outer	diameter,	the	length,	and	the	number	of	walls.			4. Lift-off	model	and	strain	energy	calculations		 Figure	S3	(a)	and	(b)	shows	how	R,	d,	𝛼,	and	𝛽	were	defined	for	the	lift-off	model.	𝛼 + 𝛽 = 180°,	 and	 R	 is	 a	 function	 of	 the	 number	 of	 layers	 n	 in	 the	 multilayer	graphene	and	the	catalyst	angle	𝛼,	 so	we	denote	R	=	𝑅(F,H).	 In	Figure	S4,	Figure	S3	(a)	is	magnified	and	relabeled	with	each	vertex.	Here,	𝑅(F,H) = EF = EC + CF = ED +DC +	N.NPF, .		To	calculate	ED,	see	the	△ ACE.	Since	DC	=	d,	we	have		 AE	 = 	ECcos𝛽 = (ED + 𝑑)cos𝛽			As	 the	 geometry	 has	 reflective	 symmetry	 across	 BE,	 we	 also	 have	 AE	 =	 ED.	Therefore,		 ED = ED + 𝑑 cos𝛽		 ED = 	 𝑑	cos𝛽1 − cos𝛽		 ∴ 𝑅(F,H) = 𝑑	cos𝛽1 − cos𝛽 + 𝑑 +	3.34𝑛2 = 	 𝑑1 + cos𝛼 + 3.34𝑛2 = 	𝑅) +	𝑡(F)2 		Here	𝑡 F =	3.34n	is	the	nominal	thickness	of	multilayer	graphene	with	n	layers.	d	is	approximated	 to	 be	 1.68Å	 by	 subtracting	 half	 the	 interlayer	 distance	 of	 graphene	sheets	(3.34Å)	and	half	the	Van	der	Waals	diameter	of	a	carbon	atom	(1.7Å)8	from	
(a) (b)
1µm 10nm
the	 thickness	 of	 single	 layer	 graphene	 on	 silica	 substrates	 (4.2Å)	 measured	 by	atomic	force	microscope	(AFM).9	Then	𝑅)	is	obtained	with	d.		The	 number	 of	 carbon	 atoms	 storing	 strain	 energy	 N	 was	 calculated	 by	dividing	the	volume	storing	strain	energy	by	𝑣).	The	bending	strain	energy	for	the	plate	model	𝐸]^_`a(F,H)is	given	as	below,	with	L	as	the	length	of	the	corner	in	Å	along	the	z	axis	(see	Figure	S3),	for	which	the	diameter	(10nm)	of	the	nanoparticle	is	used.		 𝐸]^_`a(F,H) = 𝐸b𝑁 = 𝜅(F)𝑎),2𝑅,(F,H) 𝐿	𝑡(F)	𝑅)(π − 𝛼)𝑣) 			 For	the	individual	layer	model,	the	bending	strain	energy	Eefgeh(f,i)	is	given	as	the	bending	strain	energy	stored	in	a	single	layer	of	graphene	multiplied	by	the	number	of	layers:		 𝐸0Fj0k(F,H) = 	𝐸]^_`a(4,H) ∗ 𝑛			
	Figure	S3:	Schematic	illustrations	showing	the	two	models	adopted	to	store	strain	energy.	(a)	The	plate	model,	where	the	bending	curvature	radius	R	is	defined	as	the	length	between	the	middle	of	the	plate	thickness	and	the	center	of	the	curvature	circle.	(b)	The	individual	layer	model.	Each	layer	with	the	bending	curvature	radius	R	stores	bending	strain	energy	equal	to	the	one	stored	by	the	plate	model	when	n	=	1.		
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